The middle temporal complex (MT/MST) is a brain region specialized for the perception of motion in the visual modality [1] [2] [3] [4] . However, this specialization is modified by visual experience: after long-standing blindness, MT/MST responds to sound [5] . Recent evidence also suggests that the auditory response of MT/MST is selective for motion [6, 7] . The developmental time course of this plasticity is not known. To test for a sensitive period in MT/MST development, we used fMRI to compare MT/MST function in congenitally blind, late-blind, and sighted adults. MT/MST responded to sound in congenitally blind adults, but not in late-blind or sighted adults, and not in an individual who lost his vision between ages of 2 and 3 years. All blind adults had reduced functional connectivity between MT/MST and other visual regions. Functional connectivity was increased between MT/MST and lateral prefrontal areas in congenitally blind relative to sighted and late-blind adults. These data suggest that early blindness affects the function of feedback projections from prefrontal cortex to MT/MST. We conclude that there is a sensitive period for visual specialization in MT/MST. During typical development, early visual experience either maintains or creates a vision-dominated response. Once established, this response profile is not altered by long-standing blindness.
Results
In sighted individuals, the middle temporal complex (MT/MST) supports motion perception in the visual modality, and does not respond to sound [4, 8] . In contrast, MT/MST of adults who have been blind since birth (congenitally blind) responds to auditory and tactile motion [5] [6] [7] [8] [9] . Thus, blindness can lead to a multimodal response in MT/MST; or put another way, visual experience is required for MT/MST to develop into a modality-specific visual area. Must this visual experience occur during a sensitive period of development? Alternatively, is the recruitment of MT/MST for auditory perception in congenitally blind adults the result of attending to auditory motion throughout the lifespan? We studied this question by comparing activity in MT/MST in sighted, congenitally blind, and late blind individuals.
Based on prior studies [5] [6] [7] [8] [9] , we predicted that MT/MST of congenitally blind individuals would respond to sounds, whereas MT/MST of sighted individuals would not. The key question of the present study was whether MT/MST of lateblind individuals would respond to sound. If visual experience early in life (or early blindness) affects the response of MT/ MST, then MT/MST of adults who become blind later in life should not respond to sound, just as in sighted individuals. By contrast, if MT/MST responds to sound as a result of long-standing visual deprivation anytime during the lifespan, then MT/MST should respond to sounds in adults who have been blind for many years, regardless of whether they became blind early or late in life.
Sighted, congenitally blind, and late-blind adults (Table 1 ) listened to receding and approaching motion sounds while undergoing functional magnetic resonance imaging (fMRI). All blind participants had been totally blind with at most minimal light perception for at least 9 years. To produce the sensation of motion (receding or approaching), we modulated the volume of the sounds over time (see Experimental Procedures for details). Motion sounds were of two types: high motion (footsteps) and low motion (tones). A separate group of sighted adults rated the sounds on the extent to which they conveyed motion (see Figure S2 available online for motion ratings). The ratings confirmed that both, the high and low motion sounds appeared to move, and that the high motion sounds produced a stronger percept of motion. Note that the present stimuli are not sufficient to establish motion selectivity of MT/MST because they vary in many low-level sound properties in addition to motion content. Rather these motion sounds allow us to test a cross-modal response profile in MT/MST, because motion sounds activate MT/MST in early blind subjects [6, 7] .
In each group (sighted, congenitally blind, and late blind), we looked for two kinds of evidence of an MT/MST response to motion sounds: (1) a greater average response of both motion sound conditions relative to rest; and (2) a greater response to the high than low motion sounds. For assessment of this pattern, left and right MT/MST ROIs were defined based on data from a separate group of 12 sighted subjects who performed a visual motion task. (For ROI definition and verification see Supplemental Experimental Procedures.) Does the MT/MST of Congenitally Blind But Not Sighted Individuals Respond to Sound? First, we established that MT/MST in congenitally blind but not sighted adults responded to receding and approaching motion sounds. As predicted, sounds deactivated MT/MST below baseline in sighted adults (t(19) % 22.4, p < 0.05) and activated MT/MST above baseline in congenitally blind adults (t(9) R 3.2, p < 0.05). In a direct comparison of congenitally blind to sighted individuals, bilateral MT/MST responded more to motion sounds (relative to rest) in the congenitally blind group than in the sighted group (F[1,28] R 23.4, p < 0.0001; Figure 1B ). Figure 1 shows the time course of activation in left and right MT/MST. (We present t values summarized over left and right MT/MST, unless these regions showed different effects. See Table S1 for a complete summary of statistics.)
Similarly, in the congenitally blind group, but not in the sighted group, there was a larger response to the high-motion than the low-motion sounds in MT/MST (t(9) R 4, p < 0.005). The difference between the high and low motion conditions was significantly larger in the congenitally blind adults than in the sighted in left MT/MST (F[1,28] = 4.3, p = 0.05). This difference between groups was not reliable in right MT/MST. In general, the high-versus-low motion difference was highly variable across sighted individuals, and even in left MT/MST some sighted participants showed a larger difference than congenitally blind participants ( Figure 1B) .
Like the ROI analyses, whole-brain analyses revealed group differences between sighted and congenitally blind individuals in MT/MST (Figure 2 ). While listening to motion sounds (relative to rest), congenitally blind adults showed increased signal in right MT/MST (middle temporal/lateral occipital gyri) as well as in the superior temporal gyrus. Neither left nor right MT/ MST were active above rest in sighted adults. In this contrast, sighted individuals activated bilateral prefrontal cortex (inferior/middle frontal gyri and precentral gyrus, insula), right inferior parietal lobule, bilateral cerebellum, and left putamen. Congenitally blind adults also showed activity in the right prefrontal and bilateral parietal cortices (see Figure 2B and Table S2 for within-group results). The primary auditory cortex was not significantly active above rest in either group at the corrected threshold. However, bilateral auditory activity did emerge at an uncorrected threshold of p < 0.001 (Brodmann areas 22, 41, 42). The weakness of this effect is likely due to the effect of scanner sound on resting state activity. In the motion-versus-rest contrast, congenitally blind individuals had greater activation than sighted adults in bilateral MT/ MST, as well as left superior parietal lobule and left cuneus.
A whole brain analysis of high versus low motion sounds also revealed bilateral MT/MST in congenitally blind adults as well as the right middle/superior temporal gyri and the right insula. In contrast, sighted individuals did not have any brain regions more active for the high motion than low motion sounds ( Figure 2B ). Only the left MT/MST showed greater activity in congenitally blind than the sighted group (groupby-condition interaction) ( Figure 2A ).
The auditory MT/MST activation in congenitally blind individuals overlapped with visual MT/MST in a separate group of sighted participants, as well as with visual MT/MST identified in prior studies [2, 10-13] (Figure 2 and Supplemental Experimental Procedures). No brain regions were more active in sighted than congenitally blind adults (either for sounds relative to rest or high-versus-low motion sounds) ( Figure 2 and Table S2 ).
The above analyses confirmed that (1) MT/MST responds to motion sounds in congenitally blind adults; (2) the region identified by these analyses overlaps with visual area MT/MST identified in a separate group of sighted participants; and (3) MT/MST does not respond to motion sounds in sighted adults.
Does the MT/MST of Late-Blind Adults Respond to Sound? Next, we addressed the key question of whether MT/MST of late-blind adults (blind age 9 or later) show a response similar to sighted adults or to congenitally blind adults. Due to the small number of late-blind individuals who are totally blind and because whole-brain random effects analyses require a large number of participants [14] , only ROI analyses were used to compare late-blind adults to the remaining groups.
In late-blind adults, MT/MST ROIs responded like MT/MST ROIs of the sighted. That is, activity for motion sounds was below rest, and BOLD responses for the high and low motion sounds were not different from each other ( Figure 1 ). The late-blind group showed a smaller MT/MST response to sound than the congenitally blind group (motion-versus-rest F[1,13] R 5.3, p < 0.05). MT/MST ROIs in late-blind adults did not respond to sound more than MT/MST ROIs of the sighted (p > 0.3). For the high-versus-low motion response, late-blind adults were not significantly different from either congenitally blind or sighted groups (p > 0.1).
Could the MT/MST Response to Sound be Explained by Either Residual Light Perception or Total Duration of Blindness?
Some blind adults had minimal residual light perception. We therefore asked whether the difference between congenitally blind and not congenitally blind adults could be explained by whether or not participants had any residual light perception. In both right and left MT/MST ROIs we found a reliable effect of congenital versus not congenital blindness onset (F[1,12] R 2.3, p < 0.05), but no effect of residual light perception (p > 0.1) (Table S1) .
Individuals who become blind later in life are likely to be blind for less time than individuals who are blind from birth (assuming equal ages across groups). We therefore asked whether the difference between congenitally blind and noncongenitally blind adults could be explained by the total number-of-years-blind (multiple regressions). Congenital versus not congenital blindness (F[1,12] R 5.3, p < 0.05), but not number of years of blindness (p > 0.3), predicted MT/ MST activity across blind participants. Thus, the difference among congenitally and noncongenitally blind adults cannot be explained by the total duration of blindness.
In sum, MT/MST responded to sound only in individuals who were blind early in life. MT/MST did not respond to sound in sighted individual or blind individuals who lost vision late in life. The selective effects of early experience could not be explained by differences in residual light perception among groups. These data suggest that early blindness results in a multimodal response in MT/MST. Put another way, early visual experience is necessary to produce or maintain a vision-dominated response.
When Is the Sensitive Period for Specialization of MT/MST?
The late-blind participants in the present study had all lost their vision after age 9. Within this late-blind group, there was no relationship between age of blindness onset and amount of Table S3. MT/MST activity (r < 0.2, p > 0.3). These data suggest that blindness onset before age 9 determines whether MT/MST becomes multimodal. To get a further sense for the time range of the MT/MST sensitive period, we compared MT/MST activity in our groups of congenitally and late-blind adults to an early blind participant who became completely blind between the ages of 2 and 3 years. The MT/MST of this early blind individual was less active than any of the congenitally blind participants. His MT/MST ROIs responded less to sound than the MT/MST ROIs of the congenitally blind adults (t(9) R 4.3, p = 0.001), and responded no more than the MT/MST ROIs of the late-blind adults. Relative to the congenitally blind group, this participant also showed a smaller difference between the high and low auditory motion conditions in left MT/MST (t(9) = 4.2, p < 0.005). He was not different from any of the groups in right MT/MST.
In sum, despite having been completely blind for the vast majority of his life, the MT/MST of this 55-year-old male behaved more like that of a sighted individual than that of congenitally blind adult. Moreover, as described above, years of blindness did not predict the auditory response in MT/MST, across all of the blind participants. These data are suggestive of an early sensitive period within the first couple of years of life in MT/MST development (but see [6] ).
How Does Auditory Information Get to MT/MST of Congenitally Blind Adults? Resting State Functional Connectivity Analysis
We reasoned that in the congenitally blind group the MT/MST response to sound might reflect altered inputs from other brain regions. For example, there might be increased connectivity between auditory cortex and area MT/MST in congenitally blind participants, given the auditory response in MT/ MST. To gain insight into what brain regions might be carrying auditory motion information to MT/MST, we compared resting state functional connectivity of MT/MST across groups. Prior work has shown that low frequency fluctuations in the BOLD signal are correlated across brain regions with monosynaptic or polysynaptic anatomical connectivity [15] [16] [17] . We therefore examined correlations between spontaneous fluctuations of BOLD signal in MT/ MST ROIs and the rest of cortex as a measure of functional interactivity in the absence of task.
First, we examined functional connectivity of MT/MST during the rest blocks of the current experiment. We found no differences between sighted and congenitally blind groups at a false discovery rate (FDR)-corrected threshold of 0.05. When the threshold was lowered to an uncorrected level of 0.01, we observed lower correlations in the congenitally blind group between MT/MST and several retinotopic visual areas (left BA18, right BA19), as well as other sensory brain regions. We also observed increased correlations between MT/MST and regions of the dorsolateral prefrontal cortex (bilateral BA8, left BA9, left BA45). There were no changes in MT/MST connectivity with auditory cortices, relative to the sighted group or relative to the late-blind group. This is despite the fact that connectivity of A1 and MT/MST in congenitally blind adults could be overestimated in functional connectivity analyses due to scanner noise during the rest blocks (see Supplemental Experimental Procedures for further details.). Therefore, A1 and MT/MST connectivity may in fact be reduced in the congenitally blind individuals. These data suggest that the multimodal response of MT/MST in congenitally blind individuals is not a result of greater input from A1.
To confirm these exploratory findings, we examined MT/ MST functional connectivity during resting blocks of a separate data set from the same participants. The pattern of results in the second experiment confirmed findings from the first experiment. There were no changes in MT/MST connectivity with A1. However, compared to sighted individuals, the congenitally blind adults had decreased correlations between bilateral MT/MST and retinotopic visual cortices (BA17, BA18, BA19) as well as the contralateral MT/MST and other primary and secondary sensory regions. Correlations were increased between MT/MST and lateral prefrontal regions including BA8, BA9 and BA45 (p < 0.05, FDR-corrected) ( Figure 3 and Table S3 ). These were the same lateral prefrontal regions observed in the first data set.
Given the two differences we observed in connectivity between the congenitally blind and sighted individuals (increases with prefrontal regions and decreases with early sensory regions), what connectivity changes occur in the late-blind adults? Relative to sighted adults; late-blind adults had reduced correlations between bilateral MT/MST and retinotopic visual cortices (BA17, BA18, BA19) as well as the contralateral MT/MST and other primary and secondary sensory regions. These are similar to reductions in connectivity observed in congenitally blind adults. In contrast, unlike the congenitally blind adults, the late-blind adults did not show increased correlations between MT/MST and prefrontal regions (relative to sighted individuals). Late-blind adults had significantly lower correlations between MT/MST and left lateral prefrontal regions including BA9 and BA45 than congenitally blind adults (see Figure 3 and Table S3 ). These data imply that the auditory response in MT/MST of congenitally blind adults is associated with changes in functional connectivity to prefrontal areas, rather than early sensory areas.
Discussion
MT/MST responded to motion sounds only in congenitally blind adults and not sighted adults, late-blind adults, and not in a participant who became blind between the ages of 2 and Table S3. 3 years. The difference among late and congenitally blind individuals could not be explained by the duration of blindness or the presence of residual light perception. Thus, early blindness leads to a multimodal response profile in MT/MST. After early visual experience, MT/MST does not become responsive to sound even after decades of visual deprivation in adulthood. It has also previously been shown that individuals who grow up blind, but have their vision restored in adulthood, continue to have a multimodal response in MT/MST [6] . Together, these data suggest that MT/MST acquires or maintains a visiondominated response profile as a consequence of early visual experience. Our findings are consistent with a body of prior work demonstrating different effects of early and late visual experience on the visual system [18] [19] [20] [21] [22] .
A sensitive period for MT/MST development is consistent with evidence for early maturation of MT/MST and an early sensitive period in the development of global motion vision. Children who have bilateral visual deprivation during the first eight months of life due to congenital cataracts, but not later, show protracted deficits in global motion perception long after the cataracts have been removed [23] [24] [25] [26] [27] . Our data suggest that these behavioral deficits might stem from cross-modal changes in MT/MST function.
A key outstanding question concerns the exact timing of this early sensitivity of MT/MST to blindness. There is one report in the literature of an individual who became blind at age 3, and nevertheless has a multimodal response in MT/MST [6] . Therefore, there is case-by-case variability in the exact timing of this MT/MST sensitive period. Future group studies with multiple early blind individuals are needed to accurately delineate the time window for cross-modal functional plasticity in MT/MST.
A possible developmental mechanism for cross-modal plasticity in MT/MST is suggested by the results of the connectivity analysis. Both early-and late-blind participants had reduced correlations between MT/MST activity and retinotopic visual regions. During development, afferents from retinotopic visual regions (and possibly visual afferents from subcortical structures) may compete with nonvisual inputs for influence over MT/MST activity. In the absence of early vision, nonvisual cortical structures establish a greater influence over MT/MST activity, whereas visual regions have less influence [28] . As a consequence MT/MST might become responsive to stimuli from other modalities. In this regard, competition among cortical areas may be analogous to competition between the right and left eye within the primary visual cortex [6, 24] .
What are the nonvisual competitors for MT/MST connectivity? One might initially have predicted that MT/MST receives cross-modal information directly from other primary or secondary sensory regions such as the auditory cortex. On this account, one would expect enhanced connectivity between auditory cortex and MT/MST in the congenitally blind group. The results of the connectivity analyses do not support this interpretation. Correlations between MT/MST activity and auditory cortex and other primary and secondary sensory regions were no higher in congenitally blind than sighted participants. On the other hand, we did observe increased correlations between several lateral prefrontal regions (BA8, BA9, BA45, BA46, BA47) and MT/MST in congenitally blind adults relative to both sighted and late-blind individuals. Thus across groups, an auditory response of MT/MST is associated with increased functional connectivity with prefrontal regions.
We suggest that MT/MST may respond to sound in congenitally blind individuals through altered top-down feedback from prefrontal cortex. There is evidence that in sighted adults prefrontal regions interact with MT/MST during visual motion tasks [29] . MT/MST activity is modulated by top-down frontally mediated processes, such as imagery and attention [30, 31] , as well as by task-relevant information from other sensory modalities [8, [32] [33] [34] . In nonhuman primates there are direct projections from prefrontal regions to MT/MST [35] . In humans, the prefrontal cortex may influence MT/MST activity directly, or by modulating the interaction between MT/MST and parietal regions [36] . We hypothesize that this top-down influence of prefrontal cortex on MT/MST is altered by early visual experience, possibly leading to a multimodal response profile.
In summary, early visual experience is required to render MT/MST a vision-dominated brain region. In congenitally blind individuals, reduced visual input during a sensitive period in development both alters functional connectivity in MT/MST, and leads to a multimodal functional profile.
Experimental Procedures
Participants Twenty-one sighted, ten congenitally blind, and five late-blind adults took part in the auditory motion experiment. One additional early blind participant lost his vision between the ages of 2 and 3. His data were analyzed separately and were also included in analyses of residual light perception and duration of blindness where his data were coded as noncongenitally blind. Twenty-one sighted adults, ten congenitally blind adults, and five late-blind adults participated in experiment 2. (For demographic information see Table 1 .) All blind participants reported having no usable vision (could not see motion, shape, or color or detect objects in their environment, and none of the participants had measurable acuity). Recruiting only individuals who had no usable vision severely restricted our pool of participants, particularly for the late-blind group, as total blindness later in life is uncommon. However, total blindness was important component of the experiment because any sensitive period effects could otherwise be attributed to differences in residual vision. A small subset of participants in both groups had faint light perception in one or more eyes sufficient to distinguish a brightly lit environment from an entirely dark environment; we therefore include an analysis modeling MT/MST activity as a function of residual light perception (see Results). All blind participants had no usable vision for at least 9 years and had all lost their vision due to pathology in or anterior to the optic chiasm. None of the participants suffered from neurological disorders or had ever sustained head injury. This study was approved by the institutional review board and all subjects gave written informed consent.
Tasks

Experiment 1: Auditory Motion
Participants heard motion in depth: a high motion condition (footsteps) and a low motion condition (tones). To induce percepts of approaching motion and receding motion, we made sounds louder or quieter, respectively. Footstep stimuli were created by recording the sounds of female and male individuals walking toward a computer, the volume gradient was then digitally altered to produce away sounds. Tone sounds were synthesized in Audacity software (http://audacity.sourceforge.net/).
The volume of the sounds presented in the scanner ranged approximately between 50 and 90 dBA SPL, depending on the participant and the stimulus. The magnitude of the increase/decrease in loudness in each motion stimulus was w15 dBA SPL. The differences in volume among stimuli from different conditions are too small to accurately measure in the scanner. Therefore, to precisely characterize the change in loudness for the high and low motion conditions, we report decibels relative to full scale (dBFS), which measures volume changes relative to the maximum output of the amplifying device being used. In the high motion condition, the quietest footstep had an average volume of RMS = 218.6 dBFS and the loudest footstep had an average volume RMS = 213.1 dBFS (average range from loudest to quietest footstep = 5.5 dBFS, SD = 2 dBFS, overall file volume: A-weighted RMS = 230.3 dBFS). In the low motion condition, the quietest tones had an RMS = 28.8 dBFS and the loudest tones RMS = 22.7 dBFS (average range in RMS = 6.2 dBFS, SD = 1.4 dBFS, overall file volume: A-weighted RMS = 17.75 dBFS). There was no binaural aspect to the stimuli.
Stimuli can be downloaded at http://saxelab.mit.edu/resources/stimuli/ motion_sounds.zip.
Ratings from a separate group of sighted participants confirmed that the percept of motion induced by the sound was stronger in the high motion footsteps condition, and that the low motion sounds also appeared to move (see Figure S2 ). As the high motion sounds did not have a larger volume range, the stronger motion percept is likely due to the participants recognizing the high motion sounds as footsteps. However, to unambiguously establish that the MT/MST of congenitally blind individuals responds to motion, future studies will need to match acoustic stimuli such that they only differ in implied motion (and not for example low level aspects of the sound or salience).
During the fMRI experiment, participants were instructed to decide whether each sound was getting closer or getting further away, and responded by pressing one of two buttons after each sound clip. There were four variants of the footstep sound clips (male/female footsteps either approaching or receding) and four variants of the tone sound clips (two unique sounds either approaching or receding). Sounds were each 2 s long. (For further details on the sound stimuli see Supplemental Experimental Procedures). The blocked design consisted of four sound-clips from either the high or low motion condition per block separated by 1 s delays and played in random order. The blocks were 12 s long, and separated by 10 s of rest. There were four blocks of each condition (footsteps, tones) in every run. Each participant completed four runs of the task (each 7.5 min long). Items did not repeat within block. (Behavioral data for experiment 1 are summarized in Figure S1 .) Experiment 2: Resting Function Connectivity Only Participants made semantic judgments about aurally presented words and perceptual similarity judgments about strings of backward speech [37] . Blocks were 18 s long and were separated by 14 s of fixation. The experiment was broken up into five runs of 7.7 min each. Each run had a total of 15 rest blocks. The total duration of resting state data was therefore 17.5 min.
Sighted participants were instructed to keep their eyes closed during the scans for all experiments.
fMRI Data Acquisition and Analyses Data preprocessing and analysis of mean BOLD signal differences were performed in statistical parametric mapping 2 (SPM2; http://www.fil.ion. ucl.ac.uk/) and MATLAB-based in-house software. Whole-brain analyses were corrected for multiple comparisons at an a < 0.05 by performing Monte-Carlo permutation tests on the data in SnPM3 with a combined voxel-cluster threshold [38, 39] .
For all ROI analyses, bilateral MT/MST ROIs were defined based on data from a visual motion task in a separate group of 12 sighted adults [37] : right MT/MST [50 266 4], left MT/MST [252 272 2] (see Supplemental Experimental Procedures for details). Within the ROIs PSC was averaged from TR 4 through 7, the time of the block compensating for hemodynamic lag. This time window covered the peak response for all groups and conditions. We used t tests to look for effects of sound condition within groups, and 2 3 2 analyses of variance to compare groups across sound conditions.
In functional connectivity analyses, we measured the correlations between low frequency fluctuations in BOLD signal in MT/MST, and BOLD signal fluctuations in the rest of cortex. Resting data were obtained from rest blocks of experiments 1 and 2 and bandpass filtered (0.01-0.08). BOLD signal from CSF and white matter as well as SPM generated motion parameters were used as nuisance regressors (functional connectivity SPM8 toolbox, http://web.mit.edu/swg/software.htm) [40] . Connectivity analyses were FDR-corrected at a < 0.05. (Further details on neuroimaging procedures and analysis are provided in Supplemental Experimental Procedures.)
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